Purpose: To investigate the effect of acute bouts of high-intensity aerobic exercise of differing durations on 32 subjective appetite, food intake and appetite-associated hormones in endurance-trained males.
INTRODUCTION 91
High-intensity aerobic exercise (≥60% VO2max) commonly elicits a transient suppression of appetite in 92 lean, recreationally active individuals (Broom et al., 2007 , Martins et al., 2007 , Broom et al., 2009 , Ueda et al., 93 2009b , Ueda et al., 2009a , King et al., 2010 . This phenomenon, termed the "anorexia of exercise" (King et al., confirmed whether appetite responses to such strenuous bouts in athletic populations is akin to exercise of a less 121 strenuous nature in untrained individuals. It is possible that a more strenuous bout of exercise may elicit a 122 greater and more enduring appetite suppression.
123
Any post-exercise appetite suppression could have implications for trained athletes. Post-exercise 124 nutrition is often considered of crucial importance to optimise recovery and maximise adaptations to training 125 (Burke, 1997) . In addition, many athletes value weight management highly (Filaire et al., 2007 , Sundgot-Borgen 126 et al., 2013 , as an increase in body mass can result in an increase in the energy cost of performing.
127
Nevertheless, few investigations have addressed the effect of exercise on any appetite-related measures in 128 athletic populations. Both increases (Jurimae et al., 2003 , Jurimae et al., 2005 , Jurimae et al., 2006 , Jürimäe et 129 al., 2007 , Jurimae et al., 2009 , O'Connor et al., 1995 , O'Connor et al., 2006 and decreases (Jurimae et al., 2003, for restricted eating on the Dutch Eating Behaviour Questionnaire (DEBQ, (van Strien et al., 1986) ); illness 151 such as upper respiratory tract infections; smoking and the taking of medication likely to affect appetite or 152 induce weight-loss. Ethical approval was obtained from the Ethics Subcommittee of the School of Sport,
153
Exercise and Rehabilitation Sciences, University of Birmingham. 154 155 (Table 1) 156 calculate the work output (in Watts) which would equate to an exercise intensity of 80% VO2max. This value was 182 used for each of the three exercise trials.
184
Procedure & protocol 185 A minimum period of 3 days separated the pre-testing session and the first of four study trials.
186
Participants were asked to refrain from moderate or high intensity exercise during the 24h prior to each trial. A 187 food diary was completed for the 24h prior to the first trial, with participants asked to replicate food intake as 188 closely as possible for the 24h prior to subsequent trials. There was a minimum wash out period of 3 days 189 between trials, but typically trials were separated by 7 days.
190
Participants arrived at the laboratory at approximately 08:00, after a minimum 10-hour overnight fast.
191
On arrival, and after voiding, participants were weighed (body mass was recorded at each visit to ensure 192 participants were weight-stable throughout). A resting blood sample was obtained following the insertion of a 193 venous cannula into the antecubital vein, prior to the measure of baseline subjective appetite.
194
The exercise bout then commenced. Exercise consisted of cycling on an electromagnetically braked 195 cycle ergometer (Lode Excalibur Sport, Groningen, Netherlands) at a target intensity of 80% VO2max, for a 196 duration of 15, 30 or 45 minutes. During each exercise bout, exhaled gas samples were obtained intermittently 197 to monitor VO2 and to retrospectively calculate energy expenditure. Initial monitoring during minutes 3 and 4 from the known quantity provided, allowing for determination of consumed food. From this, energy intake was 212 calculated. As the macronutrient content of each food item was known, absolute (grams) and relative 213 (percentage of total energy) macronutrient intake was also calculated.
215

Measures
216
Post-exercise energy intake was assessed using the ad libitum breakfast test meal, as described above.
217
A carbohydrate-rich breakfast meal was selected and participants were screened prior to enrolment in the study 218 to ensure that they habitually consumed breakfasts of a similar composition. Participants were allocated a 219 maximum of 15 minutes in which to complete the meal. Subjective appetite was assessed using the 4-question, 220 150mm, visual analogue scale (VAS) test for subjective appetite, as adapted from Hill & Blundell (Hill & 221 Blundell, 1982) . Measures of "hunger," "fullness," "desire to eat," and "expected food intake" were obtained. A 222 composite appetite score was calculated to simplify data analysis and presentation (Holliday & Blannin, 2017) .
223
(Composite appetite score = hunger score + desire score + expected intake score + (150-fullness score). The
224
fullness score was reversed due to its opposing direction to the other three questions).
Data are presented as means ± standard deviation (SD) in tables and text and as mean ± standard error 242 of the mean (SEM) in figures. For the determination of differences in energy intake from the test meal between 243 each exercise condition, a one-way analysis of variance (ANOVA) with repeated measures was conducted. To 244 compare differences in both subjective appetite and plasma concentration of appetite-associated hormones with 245 time and between trial conditions, a 2-way factorial ANOVA with repeated measures was conducted. Post-hoc 246 pairwise comparisons were conducted using the Bonferroni correction for multiple comparisons. For all 247 analyses of variance, there were no significant between-condition differences at baseline. The Shapiro Wilks test 248 for normality revealed that data for all outcome measures were normally distributed.
249
To further investigate the relationship between changes in appetite hormones and changes in subjective 250 appetite with exercise, correlation analysis was conducted for within-subject comparisons. For data of REST, 251 subjective appetite scores and hormone concentrations immediately prior to the ad libitum test meal were 252 correlated with energy intake using Pearson product moment correlation. Hormone concentration was correlated 253 with appetite scores immediately prior to the test meal, as well as at t=0. Data of all three exercise trials were 254 collated and Pearson product moment correlation coefficients with repeated observations were calculated, as 255 described by Bland & Altman (Bland & Altman, 1995) . With this collated data, subjective appetite scores and 256 hormone concentrations immediately prior to the ad libitum test meal were correlated with energy intake.
257
Hormone concentrations were correlated with subjective appetite scores immediately prior to the test meal. To 258 assess the relationship between changes in appetite-associated hormones and subjective appetite in the 259 immediate post exercise period, absolute values at t=0 and change-from-baseline values at t=0 were correlated 260 for hormone concentration and subjective appetite scores.
261
A statistical significance level of p<0.05 was used throughout. When significant differences were 262 observed, effect sizes were calculated. For all analyses of variance (ANOVA), effect size was calculated as partial 
266
An a priori power calculation was conducted using data from an unpublished study conducted within our 
297
accounting for the energy expenditure of exercise and assessing relative energy intake (REI, intake-298 expenditure), there was a significant main effect for condition (p=0.003, η 2 p=0.573, Figure 2b) . REI was 2297 kJ) and 45-MIN (260±1731 kJ, p=0.001, d=1.42, 95% CI=1113 -3648 kJ), while REI in 45-MIN was also 301 significantly lower than 15-MIN (2699±1239 kJ, p=0.039, d=1.62, 95% CI=-4761 --117 kJ). There were no 302 significant differences in macronutrient content of the food consumed between the four conditions ( Table 3) Figure 3) . Post-hoc analysis of between-condition comparisons showed that, immediately post- There was no significant condition x time interaction for PYY concentration (p=0.472, η 2 p=0.080), nor 335 was there a significant main effect for condition (p=0.691, η 2 p=0.252) (Figure 4) There was a significant time x condition interaction for GLP-1 plasma concentration (p<0.001 343 η 2 p=0.433; Figure 5) . Post-hoc analysis of between-condition comparisons showed that, at t=0, there was a trend exercise between athletic and non-athletic populations. Though equivocal, studies conducted in recreationally 391 active young males with mean VO2max values of ~55-57 mL•kg -1 •min -1 , utilising prolonged bouts of continuous 392 exercise at ~65-70% VO2max have elicited modest, non-significant appetite suppression similar to those of the 393 present study (King et al., 2011; Wasse et al., 2013; Deighton et al., 2014) . These data, allied with the findings 394 of the current study, suggest that appetite response to high-intensity aerobic exercise may be somewhat different to induce an appetite suppression that was sufficiently enduring to influence food intake 60 minutes post-410 exercise. It is acknowledged that a limitation of the present study is the acute measure of food intake. There is 411 evidence that compensatory increases in food intake can occur in the hours and days after exercise, and that this 412 response may differ depending on physical activity status (Rocha et al., 2013) . Therefore, monitoring food 413 intake over the remainder of the trial day and perhaps over the following 48hours would have proved insightful.
414
Relative energy intake did differ between trial conditions. This has often been observed in the absence 415 of a lower post-exercise absolute energy intake (Imbeault et al., 1997 , Lluch et al., 2000 , King et al., 2010 , 416 Unick et al., 2010 , or even after absolute energy intake is greater post-exercise (Pomerleau et al., 2004 , Martins 417 et al., 2007 . As such, it would appear there was a lack of an immediate compensatory increase in drive to eat over the course of the whole day and beyond would be required to determine likely effects of the exercise bout, Despite no significant suppression of appetite, there was a clear response of GLP-1 during and after It would appear there are some inconsistencies in the hormonal response and appetite in the present 480 study. Firstly, changes in acylated ghrelin and GLP-1 in favour of an anorexigenic state were not observed with 481 PYY. It has generally been observed that alterations in appetite-associated hormones occur concurrently, 482 especially with regards to satiety peptides (Broom et al., 2009 , King et al., 2011a . Differential responses in 483 PYY and GLP-1 have, however, been observed following 30 minutes of cycling at 50% VO2max and 75%
484
VO2max (Ueda et al., 2009a) . It was found that PYY secretion appeared to be exercise intensity-dependent, with 485 concentration elevated to a greater extent after exercise at 70% VO2max, compared with after exercise at 50% 
492
Secondly, the anorexigenic stimulus of an increase in GLP-1 concentration and a decrease in acylated 493 ghrelin was not reflected by a suppression of subjective appetite or reduced absolute food intake. Both total 494 (Wren et al., 2001) and acylated ghrelin (Druce et al., 2005) , have been shown to be potent appetite regulators are not uncommon (Broom et al., 2007 , Broom et al., 2009 and there is evidence that in the post-exercise 510 period, there is blunting to hormonal regulators of appetite. In a study by Heden et al. (Heden et al., 2013) , 511 acylated ghrelin and subjective appetite responded differently with exercise in healthy-weight and obese 512 individuals, and Deighton et al. (Deighton et al., 2013) observed contrasting positive and negative correlations 513 between acylated ghrelin and subjective appetite in the period after endurance and sprint-interval exercise, 514 respectively, in healthy-weight males. Further, previous studies have also shown weak (Broom et al., 2009;  515 Hagobian et al., 2013; Wasse et al., 2013; Beaulieu et al., 2014) or inconsistent (Ueda et al., 2009a; Deighton et 516 al., 2014; Bailey et al., 2015) relationships between hormone concentration and both subjective appetite and 517 food intake, yet the relevance of such findings are largely overlooked. These data question the commonly-518 accepted importance of exercise-induced changes in appetite-associated hormones for appetite regulation and 519 acute absolute energy intake. Although, the data of the present study suggests that the satiety peptides PYY and 520 GLP-1 may influence relative energy intake. As such, it is possible that the role of these hormones is to defend 521 against overeating and a compensation for energy expenditure, as opposed to suppressing food intake per se.
522
Further investigation is required to clarify the regulatory role of these hormones, at physiological 523 concentrations, in appetite and food intake responses, especially in the post-exercise period.
524
In conclusion, neither 15, 30 nor 45 minutes of cycling at 76% VO2max significantly suppressed 525 subjective appetite in male highly-trained endurance athletes. Acute absolute food intake was unaffected by 
